Abstract: Small-strain equilibrium modulus data of polydimethylsiloxane (PDMS) networks are reviewed. 58 different articles in the literature with values of the modulus of end-linked PDMS networks were found [1-58] including more than 250 values of the small-strain equilibrium modulus as function of variables in the crosslinking system. The dominating variable is shown to be the molecular weight of PDMS as expected, whereas the functionality of the crosslinker methylhydrosiloxane/dimethylsiloxane copolymer is shown to be less important in good agreement with the phantom model. The data collected was fitted to the phenomenological model of Langley and Graessley including an entanglement contribution. The fitted entanglement plateau (0.16 MPa) is in good agreement with literature values and with the theoretical prediction of the tube model. Experimental data for the Mooney-Rivlin constants was found and it was shown that C 2 is constant with increasing functionality. Furthermore it was found that trapped entanglements can be split into two categories, viz. locked entanglements contributing to the C 1 term and traditionally trapped entanglements contributing to C 2 .
Introduction
In this work a comparative study of the elastic properties of polydimethylsiloxane (PDMS) networks is made. The networks are formed under different conditions by reaction of difunctional PDMS with the f-functional crosslinker methylhydrosiloxane/ dimethylsiloxane copolymer (HMS). In contrast to earlier investigations, many network parameters are evaluated and by applying a few assumptions a comparison of the networks prepared under different conditions is made feasible. The parameters include, e.g., the molecular weight and the molecular weight distribution of the two components, the temperature at which the crosslinking reaction occurred, the use of solvent, the functionality of the crosslinker and the ratio of crosslinker to PDMS. In the following, the different reaction parameters and their influence on the elastic properties are summarized.
The great majority of studies on the mechanical properties of elastomers have been carried out in elongation because of the simplicity of this type of deformation [59] , and the most common way to investigate the elastic properties of the network is a 1 combination of mechanical stress-strain measurements in elongation and nonmechanical swelling experiments [59] [60] [61] [62] [63] . Other possibilities to measure the mechanical properties include dynamic mechanical measurements [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and stressstrain measurements in compression [11] [12] [13] . Agreement between theory and experiment has generally been satisfactory [64] , but for many elastomers straininduced crystallization occurs, thereby requiring special treatment. Crystallization does not occur in PDMS networks. This -together with other favourable properties such as no side-reactions at low temperature and the possibility of stopping the reaction during the crosslinking reaction -makes PDMS a so-called 'model' network [14, 15, [65] [66] [67] [68] [69] [70] [71] .
In addition to mechanical methods, experimental techniques for characterizing polymer networks include IR spectroscopy, small-angle neutron (SANS) [72] [73] [74] [75] [76] [77] [78] [79] [80] , X-ray (SAXS) [3, [77] [78] [79] [80] [81] [82] [83] [84] and light scattering studies [85, 86] . Brillouin scattering [76, [87] [88] [89] [90] studies together with investigations of the hyper-sonic viscoelastic behaviour by multi-pass Fabry-Perot spectroscopy (MPFPS) [91] and dielectric relaxation [92] have been performed as well in order to investigate the cross-link density. Birefringence is another relevant optical property of the deformed polymer network [16, [93] [94] [95] . The strain-induced birefringence can be used to characterize segmental orientation [94, 95] , both Gaussian and non-Gaussian elasticity, crystallization and other types of chain ordering, and short-range correlations. Spin echo measurements [96] Usually, tetrakis(dimethylsiloxy)silane and phenyltris(dimethylsiloxy)silane are used as 'true' tri-and tetra-functional crosslinkers, respectively, whereas for higher functionalities linear methylhydrosiloxane/dimethylsiloxane copolymer (HMS) chains with different numbers of reactive hydride groups distributed more or less randomly along the chain are used. Short HMS molecules can be regarded as f-functional crosslinkers, whereas long HMS chains with low methylhydrosiloxane content behave as 3-functional, with elastically active chains between the hydride groups, see Fig. 1 . Falender et al. [18] and Miller and Macosko [19] investigated HMS crosslinkers with different silane distributions along the chain. They found that the highest modulus was obtained when the silane groups were segregated at the two ends rather than randomly distributed along the chain. This observation agrees with the increased functionality when the groups are segregated in the ends. Fig. 1 . Low and high density of hydride groups along the HMS chain, respectively. The HMS chains with low density of hydride groups need to be regarded as trifunctional whereas the high density ones can be regarded as f-functional A major problem in the study of most model networks arises from side-reactions [66] . It seems that as much as 30% of the silane groups may be consumed by various 2 side-reactions when the crosslinking reaction was carried out at moderately high temperatures of 65 -110°C [67] [68] [69] . However, no significant side reactions are observed at low temperatures such as 30 -35°C [66, [69] [70] [71] . Macosko and Sam [67] observed two major side reactions for the network systems with tetrakis(dimethylsiloxy)silane and phenyltris(dimethylsiloxy)silane, respectively, as crosslinkers, namely a consumption of Si-H groups giving redistributed siloxane groups in the resulting polymer, as well as gaseous silanes and siloxanes as by-products, and vinyl-group rearrangement to an internal position within the chain resulting in a loss of reactivity of some vinyl groups. These side-reactions lead to an optimal value, with respect to the highest elastic modulus, of the stoichiometric imbalance of r opt ≈ 1.3. The stoichiometric imbalance is the amount of hydride groups relative to the amount of vinyl groups in the reaction mixture. Larsen et al. [20] investigated an 8-functional HMS crosslinker (2000 g/mol). They found that no significant side reactions occurred at relatively high temperatures (40 min at 70°C followed by 30 min at 150°C) and concluded that the reactivity of the linear HMS was lower than that of the usual 'true' crosslinkers. Several authors have reported an optimal value of the stoichiometric imbalance larger than unity despite low reaction temperatures. It seems that a value of r = 1.2 -1.4 [1] [2] [3] 20, 21, 99, 106] results in the highest modulus rather than the stoichiometric mixture.
Even in computer simulations of end-linked tetra-functional systems, there are conflicting results. The results of Eichinger et al. [107] [108] [109] [110] indicate that the most effective elastic networks are produced by stoichiometric systems, whereas simulations of Gilra et al. [72, 113, 114] indicate that the most effective network is obtained with an excess of crosslinker due to a maximum of ring-formation at r = 1. However, all studies show that crosslinker-deficient mixtures produce less effective elastomers than those using excess crosslinker. Experiments confirm this observation [20, 69] .
With the aim of minimizing side reactions, the reaction mixture is usually kept at room temperature for 2 -3 days or even longer in vacuum. In some studies, the PDMS networks are cured for 2 -3 days at 75°C [10, 22, 23] . Furthermore a few authors crosslink the networks in solution [8, 9, 15, [24] [25] [26] [27] . If the network is crosslinked in bulk, entanglements are trapped whenever the PDMS chain length exceeds the entanglement molecular weight. On the other hand, in the system where PDMS is crosslinked in solution, the number of trapped entanglements is governed by the polymer concentration [24] .
Vasiliev et al. [25] investigated the networks formed in bulk and in solution, respectively, and concluded that the modulus of networks formed in solution is lower than that of a network formed in the bulk state. This was in contrast to the earlier results of Cohen et al. [8] who prepared PDMS networks in the bulk state and with 5 different volume fractions of the polymer mixture as low as 30% in cyclohexane. They obtained similar results for all networks and concluded that the number of chain entanglements was more or less independent on the degree of dilution. In contrast, later work clearly shows that the modulus does depend upon the degree of dilution. [9, 15, [24] [25] [26] [27] . Vasiliev et al. [25] noticed that the use of a mixture of a good solvent and a non-solvent results in phase separation during crosslinking. The reaction mixture becomes turbid and a porous gel structure remains even after the solvent is removed. Furthermore the prepared networks may be washed by adding a good solvent, e.g., heptane to the network, thereby swelling the network and allowing the unreacted species to diffuse out of the network structure. After the swelling the sample is dried in vacuum. The washing procedure has a large influence on the resulting elastic properties since the removal of inelastic material results in an 3 increased density of elastic material in the network sample. This effect is largest for the imperfect networks [115] .
Schimmel and Heinrich [116, 117] studied the influence of the molecular weight distribution of PDMS chains on the mechanical properties. They concluded that the elastic modulus was lowered with increasing polydispersity. Meyers et al. [28] made a thorough investigation of commercial versus narrow-molecular weight distribution PDMS networks with high functionalities and obtained similar moduli for the two types of network. The same observations were made by Sharaf et al. [118] . It is important to emphasize that the results mentioned above hold for uni-modal molecular weight distributions and are in contrast to the results for bi-and tri-modal networks. Here particularly high extensibilities can be obtained when combining very short chains (molecular weight of a few hundred) and relatively long chains (around 18 000) [29, 30, 119] . Apparently, the very short chains are important because of their limited extensibility, and the relatively long chains because of their ability to retard the rupture process [30, 118, 119] . Several other authors have investigated bimodal [14, [31] [32] [33] 120, 121] and trimodal [122] PDMS networks as well.
Another well-studied phenomenon [4] [5] [6] 17, 34] is the occurrence of dangling PDMS chains due to either lack of HMS reaction sites or reaction of stoichiometric amounts of mono-and difunctional DMS chains with HMS giving well-defined amounts of dangling material. Diffusion studies of linear PDMS chains in PDMS networks have been performed [21, 35] to clarify the diffusion of unattached PDMS chains and thereby obtain an estimate for the characteristic time scales for the PDMS chains in the restricted network.
Studies on systems randomly crosslinked along the PDMS chains in contrast to the end-linked systems have been performed as well [36] [37] [38] . No significant differences between randomly crosslinked systems and end-linked systems of the same crosslinking density were observed. The use of a branched crosslinker rather than a linear crosslinker of the same functionality had little effect on the elastic modulus either [28] . Takeuchi and Cohen [39] investigated the difference between hydroxy and vinyl endlinked PDMS, and they found similar swelling properties and moduli.
Llorente and Mark [23] investigated the effect of the crosslinker's functionality on the Mooney-Rivlin constants. For a PDMS chain with M n = 11 300 and series of crosslinkers with functionality from 3 to 37 they found that C 1 increased with increasing functionality whereas C 2 decreased with increasing functionality. These findings are in accordance with the interpretation that the phantom model corresponds to the high-strain limit and the affine model corresponds to the low-strain limit (see Theory section). Meyers et al. [28] did not observe any significant change in C 2 with the functionality for PDMS chains with M n = 21 600 suggesting an entanglement contribution to C 2 as well as C 1 . They observed the same tendency as Llorente and Mark for chains with M n = 11 100, where the number of entanglements is low. Thorough studies on the gelation process of PDMS networks have been performed as well [69, 70, [123] [124] [125] [126] .
In literature several articles summarizing results for PDMS networks have been found [2, 106, 117, 118, [127] [128] [129] [130] but none of the articles is very extensive, focusing on the effect of molecular weight or functionality only upon the elastic modulus. To facilitate comparison of the experimental data as a function of both f and M, a few assumptions are needed:
1. All crosslinker molecules are expected to behave the same except for their different functionalities, i.e., the distribution and the density of reaction sites along the 4 chains are assumed not to influence the resulting networks. The molecular weight of the crosslinkers is furthermore assumed to be vanishing in comparison with the molecular weight of PDMS, so that the molar concentration of possible elastic chains is inversely related to the molecular weight of PDMS.
2. The data is assumed to come from the strongest network obtainable, not necessarily the network composed from a stoichiometric reaction mixture. This assumption is necessary since some authors do not state the stoichiometry due to the lack of precise molecular weight determinations and hence find the strongest network by making networks with different ratios of HMS to DMS, while other authors determine the molecular weight and use a stoichiometric mixture and not the stoichiometry for obtaining the strongest network.
3. The reaction conditions (temperature, time, solvent or not, catalyst etc.) do not influence the properties of the final network.
4. Polydispersity is not taken into account, only the number-average molecular weight of PDMS. However, networks resulting from bimodal distributed PDMS are not included since they behave significantly different from polydisperse PDMS networks.
5. Washed and non-washed elastomers have the same properties. If coherent data from both washed and non-washed networks are available, the data from nonwashed networks are used since the data of non-washed networks are far more common.
As it can be seen in two recent articles [20, 39] , assumption 3 can easily cause a factor 2 in deviation between data obtained from reaction mixtures with r = 1 and r = r opt , respectively, whereas the other assumptions should have a reduced effect on the modulus.
Theory
The traditional theories of rubber elasticity have been developed on the basis of network chains being simple Gaussian random coils. Models of elastomers in the 'phantom' limit (in which the chains are assumed to be devoid of material properties) were developed by James and Guth [131] . In such a phantom network, it is assumed that the chains move freely through one another, and that the only contribution to the elasticity arises from the network connectivity. The phantom model predicts the modulus to be proportional to the inverse of the molecular weight of the prepolymer:
where µ is the amount of junctions per unit volume given by 2/(f·ν) with f being the functionality, ν the number of elastic chains per unit volume, R the gas constant, T the absolute temperature, ρ the density of PDMS, and M the molecular weight.
In an affine network, on the other hand, the end-to-end chain vectors are assumed to transform affinely with the macroscopic deformation. The affine model does not take into account the functionality of the crosslinking agent:
It can be seen that for high functionalities, the affine and the phantom model coincide. The phantom and affine limits of deformation are two extreme cases, and experimental stress-strain measurements suggest that low-molecular-weight PDMS networks exhibit properties between these two limits [106] . The network is predicted to be more affine-like at small deformations and more phantom-like at larger deformations. Contributions to the modulus from points along the contour of the polymer chains are not considered in the two above models, and these so-called entanglements turn out to contribute significantly to the elastic modulus when the molecular weight of the PDMS prepolymer is increased. Langley [132] and Langley and Graessley [133] developed a phenomenological model with an additional term introduced to allow for the contribution from entanglements. The result of the model can be expressed as:
where h is an empirical parameter between 0 and 1, G o is the plateau modulus of the melt of uncrosslinked, high-molecular-weight prepolymer, and T E is the proportion of the maximum concentration of topological interactions that contribute to the modulus, the so-called trapping factor. This result indicates that with increased molecular weight of PDMS, a plateau is obtained:
The entanglement molecular weight M E is determined from the equilibrium modulus of long, linear chains G o as:
Several values for the entanglement molecular weight have been found in literature ranging from 10 100 to 12 500 [134] [135] [136] [137] and we use in the following a value of 12 000.
Stress-strain data is usually interpreted in terms of the reduced stress defined as the ratio of the true stress difference ( rr zz σ − σ ) to the corresponding difference of the Finger strain tensors ( β ):
where F is the measured force, A o is the initial cross-sectional area of the unstretched sample, and α is the relative length of the sample.
For a neo-Hookean material, the reduced stress is independent of the stretch ratio. More generally, the reduced stress is interpreted in terms of the semi-empirical Mooney-Rivlin (MR) equation [138, 139] :
where C 1 and C 2 are constants independent of α. To get precise determinations of the C 2 constant, relatively long extensions are required.
Introducing an additional factor describing the network results in new expressions for the MR constants defined by the trapping factor and the new locking factor. The locking factor L E is defined as the fraction of trapped entanglements being locked. The fraction of trapped entanglements that are locked contributes to the 2C 1 term, while the other fraction not being trapped contributes to the 2C 2 term due to their capability of sliding. The Mooney-Rivlin constants can then be written as:
Another approach to describe the elasticity of polymers in general is the tube model. The tube model predicts the modulus to be [144] [145] [146] 
The tube model predicts a modulus in the entangled regime (N >> 1) of (11/15)·G 0 and thereby a trapping factor of 11/15 = 0.73. The prefactor or trapping factor is nearly identical to the result obtained by the slip-link model of Higgs and Ball [147] and Edwards and Vilgis [148] although they started from a completely different set of physical assumptions and mathematical framework. 
where V 1 is the molecular volume of the swelling agent. χ is the Flory-Huggins interaction parameter, and the parameter ω takes into account a possible volumedependent contribution to the free energy of the network. Usually this parameter is omitted, and experimental data on PDMS networks from Mark and Sullivan [41] indicates that this is reasonable. ν 2m is the volume fraction of polymer at swelling equilibrium. C is the structural factor, i.e., C = C 1 if the affine model is applied, and C = 1 -2/f if the phantom model is used. The factor can be determined from experimental results if the C 1 constant of the Mooney-Rivlin equation is determined from stress-strain data:
The above relations are used to convert swelling data into traditional modulus data.
Results and discussion
We compare experimental results for networks with functionalities ranging from 3 to 83.6 with the predictions of the phantom (Eq. (1)), the affine (Eq. (2)), and the Langley-Graessley (Eq. (3)) models. All data is measured at room temperature or converted to room temperature by traditional time-temperature superposition. The data is extracted from a total of 57 papers. A summary of the data collected can be seen in Tab. 1.
Tab. 1. The experimental data collected. x below denotes the fraction of data points below the least-square fit of all the data to the Langley-Graessley model (14) [ ] ( ) (   005  0  122  0  10  04  0  38  2  2 1 MPa
There is good agreement in the fitted a parameters whereas the plateau moduli (b) differ significantly. This can be explained by either an f-dependency of the plateau modulus or by the fact that the average molecular weight of the data from the 3-functional network is 13 500 whereas for the 4-functional network it is 18 277. The average molecular weight of the 3-functional data is only slightly above the entanglement molecular weight, so entanglements may not interact as much as for the 4-functional networks where the average molecular weight is well above the entanglement molecular weight.
All the data collected is fitted to an equation of the Langley-Graessley form with h = 1, and the fit and experimental data can be seen in Fig. 4 
It is clear from Eqs. (12), (13), and (14) that the factor a seems to be decreasing with functionality whereas the factor b seems to increase with functionality. This indicates that either there may be more terms in the expression or that the h parameter needs to be fitted as well. It turns out that optimizing on a, b, and h gives a value of h = 1.05 very close to the assumption of h = 1 applied previously. Adding two terms of the form b/M and c/f and minimizing gives the results in Tab. 2. From this it is clear that no significant improvement of the fit is obtained by the inclusion of additional parameters, but that the decrease is caused by statistical uncertainties within the applied data since the average molecular weights are not the same for the three data sets (f = 3, f = 4 and all data). The value of 0.147 MPa is in good agreement with the results of Venkatraman [140] , who presented an empirical equation relating the volume fraction of polymeric network Φ net to the trapped entanglement contribution to the modulus: G TE (Φ net ) / [MPa] = 0.12 Φ net 2.4 resulting in a plateau of 0.12 MPa given a perfect network (Φ net = 1), and with Mark et al. [76] who performed a Brillouin scattering study of PDMS and determined the modulus of long-range interactions and entanglements to be of the order 0.1 MPa.
Tab. 2. Least square minimization fits of the experimental data to equations of the form:
◊ and ° are fits to the affine and phantom models, respectively. * denotes that h is fitted as well The data and fits can be seen in Fig. 6 together with a fit of the affine model to the 2C 1 constant. It can be seen that the plateau modulus predicted from 2C 1 + 2C 2 is in good agreement with the plateau modulus predicted taking into account all experimental data, and furthermore the plateau modulus of 2C 1 is very close to the value of 0.12 according to the result of Venkatraman [140] . The agreement between the affine model and the 2C 1 constant is poor. This observation clearly supports the previous results from Larsen et al. [20] who stated that trapped entanglements fall into two categories: locked entanglements and slip-links contributing to the 2C 1 and 2C 2 MR constants, respectively. Hereby a constant contribution arising from entanglements needs to be added to the contribution from chemical crosslinks. The result that 2C 2 does not depend significantly on either f or M DMS is remarkable. The non-dependence on functionality may be seen as evident for the existence of slip-links. Slip-links can be regarded as 4-functional temporary crosslinks and will not depend on the functionality of the HMS chain. The concentration of slip-links (a fraction of the existing entanglements) will be constant with increasing M DMS , which is observed as well. From the least-square fits, the trapping factor is determined to 0.80 and the locking factor to 0.48. This result indicates that half of the trapped entanglements act similar 12
to chemical crosslinks, and that the other half is capable of sliding and therefore release stress during extension.
In Fig. 7 , the prediction of the stochastic model from Larsen et al. [20] with the determined T E and L E from the least-square fit can be seen. Obviously, the value of the locking factor is in very good agreement with experimental data not only for perfect networks. 48. The stochastic model is shifted right a factor of r opt . Data is published in ref. [20] 
